I. INTRODUCTION
Since Hamakawa group developed wide optical band gap p-type amorphous silicon carbide (p-a-SiC:H͒ as a new window material to replace the narrow band gap p-type amorphous silicon (a-Si:H͒, the use of the p-a-SiC:H has opened the gate for high conversion efficiency over 10%. In comparison with the p-a-Si:H/i-a-Si:H homojunction solar cells, higher built-in potential and open circuit voltage (V oc ) were obtained owing to the p-a-SiC:H/i-a-Si:H heterojunction effect. Moreover, the collection efficiency at the short wavelengths markedly increased due to its wider optical band gap properties and the blocking barrier effect for electrons of the p-a-SiC:H layer. However, because of the abrupt band gap discontinuity and mismatch originating from the pa-SiC:H (E g ϭ 2.0 eV͒/i-a-Si:H (E g ϭ 1.72 eV͒ heterojunction, thin several nanometer thick highly defective zone with a short carrier lifetime is formed at the interface. 1 Thus, the effective recombination loss of photogenerated carriers through the highly defective interfacial layer rather increases in spite of the blocking barrier effect and it crucially limits the cell performance.
To solve the increased p/i interface recombination loss, various methods have been developed. The major developments include the carbon-alloy graded or constant band gap a-SiC:H buffer layer inserted between the p-a-SiC:H and ia-Si:H layers, [2] [3] [4] [5] alternatively repeating deposition and hydrogen plasma treatment in the a-SiC:H buffer and i-a-Si:H layer at the p/i interface, hydrogen plasma treatment and photoassisted hydrogen radicals treatment at the interface. [6] [7] [8] Specifically, by applying the proper combination of these techniques, a high conversion efficiency of 13 .2% has been achieved in a single junction solar cell. 9 Among the previous approaches, the application of the a-SiC:H buffer layer has been well known to improve the V oc and the short wavelength response. The a-SiC:H buffer layer has been assumed to reduce the p/i interface state density to give an physical explanation. However, no detailed studies have been reported to elucidate how the a-SiC:H buffer improves the cell performance and the buffering effect of the a-SiC:H buffer layer has not been understood clearly on the basis of a strict theoretical consideration.
In this article, we developed an ultrathin boron-doped microcrystalline silicon (p-c-Si:H͒ as a novel constant band gap buffer instead of the conventional a-SiC:H buffer to enhance the a-Si:H based solar cell performance. We first investigate that the electrical and optical properties of pc-Si:H deposited on 35 Å thick a-SiC:H/glass substrate as a function of film thickness to elucidate that even the very thin films (Ͻ100 Å͒ contain Si nanocrystallites. And then, we investigate the effects of inserting the thin p-c-Si:H buffer layer at the p-a-SiC:H/i-a-Si:H interface on the cell performance of p-i-n type a-Si:H based solar cells. Furthermore, in order to get more insight into the buffering effects of the p-c-Si:H film, we perform a systematic numerical simulation using the Gummel-Sharfetter method 10 by varying the characteristic parameters such as mobility band gap, acceptor concentration, D-state density of the p-c-Si:H buffer, and the p/i interface thickness with a short lifetime. Based upon the results of the numerical modeling, we conclude that the buffering effects are due to the decrease in the highly defective p/i interface region thickness.
II. EXPERIMENT
We used a three separated-chamber mercury-sensitized photochemical vapor deposition ͑photo-CVD͒ apparatus for fabricating p-c-Si:H films and a-Si:H based solar cells. pc-Si:H films were prepared from SiH 4 , H 2 , and B 2 H 6 using a mercury-sensitized indirect method with the hydrogen dilution ratio ͑H 2 /SiH 4 ) of 30. All the p-c-Si:H films were doped with B 2 H 6 of 2140 ppm. A low-pressure mercury lamp ͑160 W ϫ 2͒ with two resonance lines of 184.9 nm ͑intensity at the window: 5 mW/cm 2 ) and 253.7 nm ͑30 mW/cm 2 ) was used as an UV light source for film deposition. The reactant gases were passed through a mercury pot maintained at 20°C to the p chamber. The substrate temperature was maintained at 250°C. The p-c-Si:H film was prepared on Corning 7059 glass for the measurement of a conductivity and the Raman spectroscopy. The dark and photoconductivity measurements were performed on the sample with a parallel electrode configuration. Spectroscopic ellipsometry measurement was performed to characterize the optical properties of the film using UV-visible phase-modulated ellipsometry ͑UVISEL, Jobin Yvon͒ apparatus. The absorption coefficients were deduced by fitting the dielectric functions of a-Si:H and c-Si to the measured psi and delta from Bruggeman effective medium theory. 11 Fabricated solar cells have a simple structure of glass/SnO 2 ͑Asahi U-type͒/pa-SiC:H/p-c-Si:H/i-a-Si:H/n-c-Si:H/Al. The cell area is 0.09 cm 2 . The peripheral n-c-Si:H region outside the Al contact of the cell was removed by CF 4 plasma etching to avoid current spreading effect due to the high conductivity of the n-c-Si:H. The deposition conditions of each layer are summarized in Table I . Photocurrent versus voltage ͑photo I-V͒ measurements were performed under air mass ͑AM͒ 1.5, 100 mW/cm 2 irradiation of Solar Simulator ͑WXS-105H, WACOM͒. Besides, a constant energy spectrophotometer ͑YQ-250MW, JASCO͒ was used for collection efficiency measurements. The dark current versus voltage ͑dark I-V͒ of the cells was measured by a semiconductor parameter analyzer ͑HP4140B͒.
III. SIMULATION MODEL
We applied the modeling and the numerical methodology of a-Si:H solar cells presented by Gray for a detail analysis of the a-Si:H solar cell operation. 12 The simulation process programed by MATLAB extracts the simultaneous solution of Poission's Eq. ͑1͒, continuity Eqs. ͑2͒ and ͑3͒ and current Eqs. ͑4͒ and ͑5͒ as follows:
where ⑀ is the dielectric constant, ͑x͒ is the hole potential, Ϫq is the electron charge, n and p are the hole and electron mobilities, V p and V n are valence and conduction band parameters, and J p (x) and J n (x) are the hole and electron current densities, respectively. We used the net charge carrier density (x), the recombination rates R(x), and the carrier generation rates G͑x͒, given by the following expression for solving the set of three coupled nonlinear partial differential Eqs. ͑1͒-͑3͒:
where p and n are the free hole and electron densities, N D and N A are the ionized donor and acceptor concentration, N tail and N DS are the net trapped charge density through the tail states and the
, N SRH is the net charge density due to the trapping the donor-like single-level trap, given by the standard Shockly-Read-Hall ͑SHR͒ formulation, ␣(x) is the absorption coefficients of each p, i, n layer, F() is taken to have 100 mW/cm 2 with the spectral distribution of AM 1.5 condition, and R͑x͒ is the surface reflectivity at the structure of glass/transparent conducting oxide/a-Si:H. The total recombination rate R͑x͒ consists of three basic recombination mechanisms which are contributed by the tail states, the D states with the Gaussian distribution, and the SHR trap level, respectively. From the Eqs. ͑1͒-͑6͒, the electron densities, the hole densities, the potential, and the recombination rates at the position point of each layer are calculated by utilizing the Gummel-Sharfetter method. 10 Finally, the photo I-V, the dark I-V, and the collection efficiency of the simulated cells are extracted from these data. In the model, the p/i interface region was assumed to have a short carrier lifetime ͑2ϫ10 Ϫ13 s͒ and the same band structure and properties as i-a-Si:H bulk layer to model the recombination behavior of photocarriers at the interface. The lifetimes for holes and electrons have an influence on the N SRH and R SHR (x) terms in the Eqs. ͑6͒ and ͑7͒. We found through the simulation that the shorter lifetime at the p/i interface degrades the cell performance severely but the shorter lifetime at the i/n interface has little effects on the cell performance. In the analysis, we have chosen the N A ϭ5ϫ10
18 cm Ϫ3 , the mobility gap ϭ 1.9 eV, and the electron affinity ϭ 3.90 eV as modeling parameters of the thin pc-Si:H film. The simulated band structure of the cell with the buffer is shown in Fig. 9 . All the model parameter of each p-a-SiC:H, buffer, p/i interface layer, i-a-Si:H, and nc-Si:H layer used in the numerical simulation are listed in Table II . Figure 1 shows the dark and photoconductivities of the p-c-Si:H films prepared onto 7059 Corning glass substrate and p-a-SiC:H ͑35 Å thick͒/7059 Corning glass substrate as a function of film thickness. Basically, the strong thicknessdependent electrical properties are well explained by an inhomogeneous growth of c-Si:H film correlated to the evolution of the crystalline volume fraction. With decreasing the thickness of the p-c-Si:H film, the dark conductivity is reduced exponentially because electrons transport through a larger fraction of amorphous tissue layer with a high photosensitive and resistive characteristics among the crystallites. Comparing the electrical conductivity of the film deposited onto the p-a-SiC:H/glass substrate with that of the film onto the glass substrate, we can know that the presence of an initial p-a-SiC:H layer hinders the formation of crystallites and enhances the formation of a void-free denser amorphous matrix than that of the p-c-Si:H film prepared onto the glass substrate. Thereby, the p-c-Si:H film has lower dark conductivity and higher photosensitivity when it is deposited onto p-a-SiC:H. Moreover, although the 1350 Å thick pc-Si:H onto p-a-SiC:H has a slightly higher crystal volume fraction of 85.0% than that of 83.4% for the 840 Å thick p-c-Si:H onto glass substrate, its photo and dark conductivities are observed to saturate at the lower value with increasing film thickness compared with those of the film onto glass substrate. It is thought that an amorphous matrix surrounding crystallites has well-established properties such as higher density, less porosity, wider band gap, and larger area of the amorphous matrix in case of the p-c-Si:H film onto p-a-SiC:H compared with those onto glass, and then such features of the amorphous martix induce the enhanced blocking behavior of the amorphous matrix against the percolation path of electrons and the lower saturation value of photo and dark conductivities in the film onto the p-SiC:H layer.
IV. RESULTS AND DISCUSSION

A. Properties of p-type microcrystalline Si film
It has been well known that crystallization process proceeds after a hydrogen-rich porous amorphous layer, which is called an incubation layer, is formed within ϳ100 Å thickness when c-Si:H is grown onto a-Si:H substrate. 13 According to the fact, it is not certain if thin ϳ100 Å thick pc-Si:H layer, when used as a window layer in solar cell, has partially microcrystalline phase or fully amorphous phase. To investigate the structural properties of the ultrathin p-c-Si:H grown onto p-a-SiC:H, the alternatively staggered multilayers of p-a-SiC:H and p-c-Si:H were prepared. , where is the crystal peak shift compared to the crystal silicon ͑c-Si͒, and Bϭ2.0 cm Ϫ1 nm 2 .
14 The calculated crystallite size was 41 Å in the ͑17 Å thick pa-SiC:H/61 Å thick p-c-Si:H͒ 10 multilayer. Therefore, this fact says that nanometer-size Si crystallites are embedded in the films at an initial growth regime within less than 100 Å, even prepared on a p-a-SiC:H. The size of Si crystallites included in the film is confirmed to be less than 100 Å because the crystal size can not exceed to 61 Å thickness of the p-c-Si:H layer in the ͑17 Å thick p-a-SiC:H/61 Å thick pc-Si:H͒ 10 multilayer. Figure 3 shows that the Fouriertransform infrared ͑FTIR͒ spectrum of the 310 Å thick pc-Si:H onto c-Si/35 Å thick p-a-SiC:H, we find the dominant peak indicating the Si-H bond at 615 cm Ϫ1 . Absorption peak at 2090 cm Ϫ1 due to SiH 2 bond is not found in the pc-Si:H films prepared on p-a-SiC:H. The absorption peak at 1100 cm Ϫ1 corresponding to the Si-O bond indicates that the p-c-Si:H films undergoes a fast oxidation by air exposure. 15 Figure 4 shows that the spectroscopic ellipsometry analysis results performed for the film structure of ͑c-Si/ 9000 Å thick SiO 2 /35 Å thick p-a-SiC:H/p-c-Si:H͒. As shown in Fig. 4 , the absorption coefficient decreases, with increasing the film thickness due to larger crystal volume fraction. The Tauc's optical band gap of the film with the thickness of 220 Å was determined to be 1.9 eV.
B. Thin p-type microcrystalline Si buffered solar cells
In order to study the influence of inserting the thin pc-Si:H layer at the p/i interface on the cell performance, we fabricated a-Si:H solar cells with a simple structure of glass/SnO 2 /p-a-SiC:H/p-c-Si:H/i-a-Si:H/n-c-Si:H/Al. Figure 5 shows the overall cell performance as a function of the thickness of the 4000 ppm boron-doped p-c-Si:H buffer layer. The V oc and the J sc increase simultaneously by incorporating the buffer at the p/i interface. But the fill factor ͑FF͒ becomes poor slightly. As shown in Fig. 6 , the incorporation of the buffer leads to the enhancement of the short wavelength response in the range of 400-550 nm. Specifically, the main factors limiting the collection efficiency at the short wavelength region of 400-550 nm are light absorption loss in the dead p layer and interface recombination loss near the p/i interface. The clear correlation of the latter factor to the decrease in the short wavelength response, which is contributed by photocarriers generated at the beginning several hundred angstrom part of i-a-Si:H layer, is found in our case. In other words, the enhancement of the short wavelength response by introducing the p-c-Si:H buffer at the p/i interface reflects the safe transport of photocarriers generated at the first part of i-a-Si:H to the p layer. It is worth noticing that our experimental results are in analogy with the effect of the a-SiC:H buffer layer thickness on the cell performance, reported by Kim et al. 4 They had realized the a-SiC:H buffer layer by grading the C 2 H 4 flow from an initial value down to 0 to lessen the lattice mismatch between the p-a-SiC:H and the i-a-Si:H. The a-SiC:H buffer was appeared to have clear evidences for the buffering role to reduce the recombination loss at the interface. In our study, it is also revealed that the p-c-Si:H layer inserted at the pa-SiC:H/i-a-Si:H interface operates as a buffer to enhance short wavelength response and V oc . Figure 7 shows the effect of boron doping ratio in ϳ50 Å thick p-c-Si:H on the cell performance. The solid straight line indicates the bufferless cell performance with a 70 Å thick p-a-SiC:H. The V oc increases with the boron doping ratio. The increase in the V oc with higher boron addition is attributed to the enhancement of the built-in potential of the solar cells by shifting Fermi level of the p-c-Si:H to its valence band. The fact implies that the higher boron-doped p-c-Si:H buffer acts as part of a p layer as well as a buffer. The J sc of the cell with p-c-Si:H doped with boron of 2140 ppm is higher than that of the cell with undoped p-c-Si:H, originating from the enhancement of the short wavelength response, as shown in Fig. 8 . However, boron doping ratio increases above 2140 ppm, the band gap of p-c-Si:H shrinks, and the absorption loss in the p-c-Si:H increases, and thus the J sc decreases again. 16 The FF increases with increasing the boron doping ratio owing to its higher conductivity. As compared with the bufferless cell, the photocarrier collection efficiency in the short wavelength and the V oc are improved by introducing the p-c-Si:H doped with 2140 ppm boron. Such a buffering role of the p- 
C. Numerical analysis of p-type microcrystalline Si buffered solar cells
Tasaki et al. has presented that the numerical simulation results of introducing a graded-band gap a-SiC:H buffer at the p/i interface. 18 They postulated three assumption to clarify the improvement of the V oc and the short wavelength response through the insertion of a-SiC:H buffer which is founded experimentally. First assumption is that the buffer has a band structure with linear grading profiles from 2.0 eV in the p-a-SiC:H to 1.72 eV in the a-Si:H. The grading band gap profiling causes an electric field at the p/i interface region to be stronger and thereby photogenerated electron-hole pairs are swifted faster to the p-a-SiC:H and i-a-Si:H layer, respectively, before recombining each other. Second one is that the crucial p/i interface region in the buffered cell was postulated to have the same physical properties including the D-state density, the single SRH trap density and so on as those in the bufferless cells. The third one is that the p/i interface region is positioned at the starting point of the graded-band gap buffer. As a result of this assumption, the band gap of the defective p/i interface region becomes wide and thereby the widening results in relatively low carrier concentration there. The carrier recombination rate through the p/i interface states is reduced owing to the peculiar interface band structure explained in the first and the third assumption. Although the recombinative p/i interface states have the same values of the D states and the SRH trap density for the buffered cell as those for the bufferless cell in their simulation model, the V oc and the short wavelength response are assured to be improved just by the grading band structure and the widening of the band gap of the p/i interface region, not by the reduced p/i interface state. However, their approach to explain the buffering effect is not valid for a constant band gap a-SiC:H buffer because the first and the third assumption cannot be applied for the cell with a constant band gap a-SiC:H buffer.
In this section, we present a new schematic analysis about the buffering effects originated from a constant band gap buffer. Figure 9 shows a simple schematic band structure used in the numerical simulation. As shown in this figure, the p/i interface region to cause a recombination loss and deteriorate the blue response was modeled as a 50 Å thick section with a shorter SRH carrier lifetime. All the model parameters of each p-a-SiC:H, buffer, p/i interface layer, ia-Si:H, and n-c-Si:H layer used in the numerical simulation are listed in Table II . Figure 10 blue response that is deeply correlated to the recombination behavior of a-Si:H solar cells is improved with decreasing the thickness of the defective p/i interface layer as shown in Fig 11. However, when the p/i interface region next to the pc-Si:H is assumed to have the same thickness as that of the bufferless cells, the J sc is found to be lower than those of the bufferless cells due to a light absorption loss in the buffer. The decrease of the V oc is caused by an inferior behavior to the p-a-SiC:H as part of p layer including the decrease of the built-in potential accompanying by a lower band gap of the buffer than that of the p-a-SiC:H.
Under the assumption that the p/i interface zone have the same thickness and properties as those of the bufferless cell, there are still other possibilities except the reduced defective p/i interface zone as suggested earlier to explain the simultaneous enhancement of the V oc and the short wavelength response by introducing the buffer at the p/i interface. Intuitively, physical properties of the p-c-Si:H buffer itself may influence the cell performance without regard to the p/i interface state. Figure 12 shows the dependence of the buffered cell performance on the acceptor concentration (N A ) in the p-c-Si:H buffer. A solid straight line indicates the simulated bufferless cell performance with a 50 Å thick interface layer in Fig. 12 . Simulated cell performance as a function of the acceptor concentration (N A ) in the buffered cells with a 5 Å thick p/i interface zone ͑᭺͒ and a 50 Å thick p/i interface zone ͑᭹͒ were displayed in Fig. 12 . When the N A in the buffer is lower than the doping level of the pa-SiC:H (5ϫ10 18 cm Ϫ3 ), the buffer gives negative effects on the cell performance due to a lower electric field, resulting in the poorer V oc and FF than those of the bufferless cell. In case of the buffered cell with a 50 Å p/i interface section ͓Fig. 9͑b͔͒, the J sc is improved with increasing the N A of the buffer from 1ϫ10 18 cm Ϫ3 to 1ϫ10 19 cm Ϫ3 . Such an enhancement is caused by the stronger electric field due to higher N A . However, the enhancement should not be considered to support that the buffering effects are originated from higher N A and electric field across the i layer because the cell performance in region A is poorer than the bufferless cell. That is, to achieve a good agreement with the experimental results in the buffered cells, it is found the N A of the buffer is in region B over the doping level of the p-a-SiC:H. Besides, the simulation of the N A effect in the buffer, we have found that positive changes in the physical characteristics of the pc-Si:H buffer such as a mobility gap, D state, and electronhole mobility from the simulation do not give an enhancement of the blue response by inserting the buffer in both cases of the buffered cells with a 5 Å p/i interface section and a 50 Å p/i interface section.
Therefore, it is concluded that the buffering effects are not correlated by the characteristics of the p-c-Si:H buffer but caused by the suppressed recombination behavior at the p/i interface. From this point of view, we suggest that the shrinkage of the interfacial defective layer next to the buffer enhances the blue response and the V oc . It is sufficiently reasonable because physical properties of the constant band gap buffer do not influence the suppression of the severe recombination loss at the p/i interface. Furthermore, the investigation on dark I-V characteristics of the buffered and bufferless cells, which is shown in Fig. 13 , agrees well with our suggestion about the buffering role of the p-c-Si:H. Figure 13͑a͒ shows the experimentally measured dark I-V characteristics of the buffered and bufferless cells. The buffered cells have a lower dark current in comparision with the bufferless cell. The decrease in the dark current by introducing the buffer in the linear logarithm I-V region from 0.4 to 0.8 V is thought to reflect a suppressed recombination current at the p/i interface. This thought is supported by the result of the calculated dark I-V characteristics shown in Fig. 13͑b͒ . When the cells are assumed to have a 5 Å p/i interface section for the buffered cell and a 50 Å p/i interface section for the bufferless cell, respectively, the shrink- age of the defective p/i interface zone and thereby the suppression of recombination loss are reflected in the reduced dark current.
If we consider this phenomena in the microstructural view, when an initial i-a-Si:H film grows onto the pa-SiC:H, it will undergo a distortion and a stress from the mismatch. As a result, a highly defective interfacial region is formed at the first portion of the i-a-Si:H layer, resulting in the poor V oc and a severe recombination loss of a-Si:H solar cells. Miyazaki et al. reported that in an early stage of a-Si:H film growth on a-SiC:H, a significant number of SiH 2 bonds are preferentially incorporated in the a-Si:H layer near the a-Si:H/a-SiC:H interface. 19 We think that such dihydriderich interfacial layer is responsible for the highly defective p/i interface as explained earlier. The buffering role of the pc-Si:H film inserted at the interface of the p-a-SiC:H/ia-Si:H is expected to be attributed by two factors, namely, improving the p/i interface characteristics and building up higher built-in potential of the p-c-Si:H. First, when the ia-Si:H film grows onto the p-c-Si:H film that consists of nanocrystallites and an amorphous matrix with SiϪH bond configuration, the p-c-Si:H buffer suppresses the formation of a highly defective interface at the early growth stage, namely, the incorporation of SiH 2 bonding configured i-aSi:H, by relieving a structural stress and relaxing a strained bond between the p-a-SiC:H and i-a-Si:H and imposing its Si-H bonding configured structure on growing an initial i-aSi:H film. 2, 19 Second, the improvement of the V oc is caused by high acceptor concentration of the p-c-Si:H buffer. Thereby, a negative heterojunction problem being present at the junction of p-a-SiC:H and i-a-Si:H is not accompanied.
V. CONCLUSION
In order to improve the conversion efficiency of a-Si:H based solar cells, we have developed for the first time the new p-c-Si:H film as an alternative buffer to the conventional a-SiC:H buffer. By inserting the buffer at the p/i interface, the V oc and the J sc were improved significantly due to the reduced recombination loss near the p/i interface. With increasing the boron doping ratio in the p-c-Si:H, the V oc and the FF become higher due to the increased doping efficiency but the J sc decreases due to the increased absorption loss. The cell efficiency increased from 9.6% ͑V oc ϭ 0.882 V, J sc ϭ14.7 mA/cm 2 , FFϭ0.742͒ for the bufferless cell to 10.7% (V oc ϭ0.894 V, J sc ϭ16.4 mA/cm 2 , FFϭ0.729͒ for the cell with the p-c-Si:H buffer. From the results of the numerical simulation, it is concluded that the p-c-Si:H buffer acts as a p layer to build a higher internal field and hinders the formation of a defective p/i interface region in the vicinity of the junction between the p-c-Si:H and i-aSi:H, acting as a constant band gap buffer.
